Fusion of multiple copies of a test peptide leads to insoluble inclusion bodies. Their presence within bacteria increases either forward-angle light scattering or, to a lesser extent, right-angle light scattering. A linear correlation has been established between cell forward-angle light scattering and the level of overexpression of atrial natriuretic peptide. The correlation is valid only for unlysed cells and is protein product specific.
In recent years, it was demonstrated that the accumulation of foreign proteins as inclusion bodies in genetically engineered Escherichia coli cells can be monitored by single light scattering (3, 4, 12, 13) . Because light scattering intensity is sensitive to inclusion body morphology as well as to size, it can provide qualitative information not obtainable from other methods (sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE], bioassays, or sizing). Nevertheless, quantitative correlation between protein accumulation and light scattering strongly depended on the genotype of the host strain, on the fermentation conditions, and on the specific product being expressed. Previous work demonstrated that such measurements could be achieved but concluded that mechanistic interpretation of the relationship between inclusion bodies and light scattering intensity was not possible (6) . The greater difficulty comes from cellular heterogeneity, which constitutes a major problem for quantitative analysis of bacterial metabolism. To improve the analysis of a gene product at the single-cell level and to overcome the heterogeneity of cells, we built a series of recombinant E. coli strains containing 1 to 16 copies of a synthetic gene encoding human atrial natriuretic peptide (hANP), a cardiac hormone that has potent natriuretic and diuretic activities (2) . With the recombinant cells, we studied fermentation conditions to obtain a linear correlation between gene expression and cell light scattering.
Construction of recombinant E. coli strains containing a synthetic hANP multicopy gene. The multimeric construction principle was that described by Lennick et al. (7), with some improvements. With the codon usage in E. coli (5) being taken into account, a DNA fragment encoding the hANP amino acid sequence was synthesized (Fig. 1) . It was then cloned into the pUF18 plasmid (9) , linearized at the SalI site, and blunt ended by T4 DNA polymerase, yielding the pU1A plasmid. At this stage, the DNA sequence was obtained according to the method described by Sanger et al. (10) . As a result of molecular cloning, AccI and HinPI recognition sequences were regenerated, respectively, at the 5Ј and 3Ј ends of the synthetic DNA fragment (Fig. 1) . After transformation in E. coli XL1Blue (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [FЈ proAB lacI q Z⌬M15 Tn10(Tet r )]) and a high yield preparation of pU1A, a fraction of the plasmid was digested by BamHI and AccI and another fraction was digested by BamHI and HinPI.
By combining the large BamHI-AccI fragment with the smaller BamHI-HinPI, two copies of the hANP-coding sequence were concatemerized into pUF18, yielding the pU2A plasmid. The process was repeated three times to produce recombinant plasmids harboring 4, 8, and 16 copies of the hANP-coding sequence, all of which were controlled by restriction enzyme cleavage. Then, multimeric DNA fragments were all cloned at BamHI-EcoRI sites of the pET21a expression vector (plasmid for expression by T7 RNA polymerase) in a reading frame compatible with the synthesis of hANP. A polyhistidine peptide tag was added at the C terminus to allow easy purification of the fusion protein.
Production of fusion proteins and recombinant hANP.
) containing pET1A, pET2A, pET4A, pET8A, or pET16A were diluted to A 600 ϭ 0.03 by using a fresh Luria-Bertani medium containing 100 g of ampicillin per ml and incubated at 37ЊC. At a cell density (A 600 ) of 0.5, expression of the fusion protein was induced by the addition of 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). After a 3-h induction, the cells were disrupted by sonication (1 min; power 3 of the Sonifier Cell Disrupter B30; Branson Sonic Power Co.) in 1ϫ binding buffer (1ϫ BB) containing 20 mM Tris HCl (pH 7.9) and 0.5 M NaCl (8) . Fusion proteins, as inclusion bodies, were pelleted at 12,000 ϫ g for 5 min at 4ЊC, dissolved in 10 M urea, and then diluted to 6 M urea in 1ϫ BB containing 5 mM imidazole. Fusion proteins were purified by affinity chromatography on His-Bind resin in a batchwise fashion according to standard Novagen kit protocols. Protein concentrations were determined by the Bradford method with bovine serum albumin as a standard (1) . The molecular masses of fusion proteins, determined by SDS-PAGE ( The light source was a mercury lamp with a 545-nm (Ϯ10) band pass filter. The overproduced peptide was insoluble and led to inclusion body formation in the cytoplasm of the bacteria. These protein bodies strongly increased cell FAS (threefold), a means used in this study to discriminate uninduced (gate 1) from induced (gate 2) cells overproducing hANP (Fig.  3) . Amounts of fusion proteins were determined in parallel by densitometry after fractionation on a 13.5% polyacrylamide Tricine-SDS gel (11) . They were expressed as percentages of total E. coli proteins. The correlation established between the FAS parameter of cells and the hANP expression level (Fig. 4 ) was linear and allowed determination of amounts of the re-FIG. 1. hANP synthetic gene cloning in an E. coli expression vector. We built a synthetic DNA fragment encoding the 28 amino acids of hANP (dotted line). This DNA fragment was inserted into the pUF18 vector leading to pU1A. After digestion of this recombinant vector, BamHI-AccI and BamHI-HinPI fragments containing the hANP gene were purified, mixed, and ligated to form pU2A. The hANP synthetic gene as a monomer or a multimer was then transferred into the pET21a expression vector at BamHI-EcoRI sites to form pE1A (or pEnA).
VOL. 62, 1996 NOTES 3043 combinant fusion protein by a simple measurement of cell FAS (generally correlated to cell shape). Within the host cell, as inclusion bodies are formed, the cell shape changes and FAS increases. Thus, measurement of optical cell parameters may be used as a means to significantly control expression of the recombinant protein. Such a correlation remains valid independently of the conditions leading to insoluble fusion protein production, e.g., different inducers at various concentrations. When standardized, as exemplified here for cells containing fusion protein with four hANP copies, this correlation can be used to determine protein overproduction by online measurement of the FAS parameter. The advantage of flow cytometry in such an experiment is its ability to detect cell population heterogeneity. However, light scattering measurements discriminated induced cells only when they produced inclusion bodies. Under particular experimental conditions, e.g., lowlevel expression or low temperature, heterologous proteins may be soluble and consequently do not induce bacterial morphology changes needed for flow cytometric analyses. Range limit of the linear correlation between gene expression and cell light scattering. During the first 4 h of fusion protein expression, cell FAS as well as the amount of the fusion protein increased. For a longer induction time, cell FAS decreased, although the percentage of overexpressed fusion protein still increased. To understand this unexpected result, during the same experiment we determined cell viability using the propidium iodide test to discriminate dyed cells (stained) from unstained viable cells (Fig. 5) . After 3 h of IPTG induction, propidium iodide was sufficiently incorporated by the induced cell population (gate 2) compared with the uninduced one (gate 1) to consider overproducing cells as dead cells. As induction continued, cells disappeared from gate 2 because they released their cytoplasmic components, including the recombinant protein in the medium. The consequence was that the cell FAS parameter no longer reflected the total amount of   FIG. 2 . SDS-PAGE analysis of hANP-containing fusion proteins and recombinant hANP. Fusion proteins were extracted by sonication and centrifugation and were then purified by affinity chromatography. Fusion proteins were separated on 13.5% polyacrylamide Tricine-SDS gels. The gels were fixed in 50% ethanol-10% acetic acid, stained with 4 mg of Coomassie blue per ml in 10% acetic acid, and destained in 10% acetic acid. The polyacrylamide gels were transilluminated with a photography light box, and images were collected and analyzed with BioPrint software (Vilbert Lourmat, France). (Fig. 4, inset) summarizes this phenomenon. During the first 2 h of induction, the protein-to-FAS ratio increased, corresponding to a low level of accumulation of the fusion protein in viable cells, a process which was not sufficient to induce a significant modification of FAS. From 2 to 8 h of induction, the ratio became constant because of linear correlation of the two parameters. Thereafter, along with cell death and lysis, fusion proteins were released in the medium and correlation between gene expression and light scattering was no longer observed.
Finally, we compared FAS values from recombinant strains expressing different hANP polymers to study the correlation between gene expression and cell light scattering (Fig. 6) . The amount of fusion proteins produced linearly increased with strains containing plasmids with as many as 4 gene copies. Recombinant bacteria which produced the fusion protein harboring 8 or 16 copies of hANP had higher FAS values than those of other cells, in spite of their low hANP production level. These data meant that the correlation established for cells expressing the 4-copy-hANP fusion protein is not valid for other recombinant cells and that a specific correlation curve must be determined for each of them. The high yield (14.6% of the total cellular proteins) obtained with the BL21 expression strain transformed by pE4A implies that the amount of tRNAs is probably sufficient to supply protein biosynthesis in all recombinant strains. The yield of fusion proteins from cells harboring 8 and 16 hANP copies should be at least identical to that of 4-copy-hANP-containing proteins.
Aggregated fusion proteins considerably slowed down bacterial growth. One can assume that the size of a fusion protein defines the size of inclusion bodies. Such a hypothesis implies that the 16-hANP inclusion bodies are bulky compared with those containing smaller numbers of peptide repeats. It can explain why the FAS value of cells producing a fusion protein with 16 hANP copies was higher than that of cells producing 2 hANP polymers. Uncharacterized toxic effects which were provoked by the overexpressed proteins, particularly with those containing more than four copies of the peptide, could explain low yield production.
We concluded that the correlation, when established, between peptide overexpression and the recombinant bacteria optical parameters may be an efficient and faster way for optimizing peptide production by a simple measurement of FAS.
We are grateful to C. Jayat-Vignoles for her technical assistance in flow cytometry analyses. VOL. 62, 1996 NOTES 3045
